Hydrothermal treatment (HTT) at 200℃ was applied to immobilize heavy metals (HMs) and 12 the effect of rice husk (RH) addition was investigated based on total HMs concentration, 13 fractionation and leaching tests. The results indicated that a synergistic effect of RH addition and 14
Introduction 27 28
Hydrothermal treatment (HTT) is very attractive due to its simplicity and effectiveness in 29 dealing with organic solid waste disposal (Hu et al., 2012; Hwang et al., 2012; Theegala and 30 Midgett, 2012) . Being rich in organic carbon and easily available N, P and K, the solid residues 31 (or hydrochar) produced from the HTT process can be used as soil amendments to improve the 32 sorption capacity of soils towards many trace contaminants (PAHs, pesticides, herbicides, and 33 etc.) as well as carbon sequestration (Gajic et al., 2012; Rillig et al., 2010) . Moreover, hydrochar 34 has also been utilized as a coal-like fuel because its calorific value can be elevated by the 35 dehydration and decarboxylation occurring in the HTT process (Berge et al., 2011) . 36
Probably due to its merits in solid waste disposal, researchers began to apply HTT in sewage 37 sludge stabilization and disposal processes with enhanced dehydration capacity and lower 38 moisture content in the processed sludge, which facilitates the volumetric reduction and final 39 disposal of sewage sludge (Escala et al., 2013; He et al., 2013; Meng et al., 2012) . Just like other 40 solid wastes treated by this technology, however, the environmental risk of the HTT processed 41 sludge should be evaluated and verified before its final disposal when some trace pollutants, 42 especially heavy metals (HMs) are taken into consideration (Escala et al., 2013) . 43
Previous studies indicate that HMs in sewage sludge can be redistributed in the liquid (process 44 water) and solid (produced hydrochar) phases after the HTT process (Escala et al., 2013; Shi et 45 al., 2013) , and this kind of redistribution of HMs is dependent on experimental conditions. 46
Moreover, the fractionation of HMs in the sludge residue (hydrochar) can be greatly altered from 47 weakly bounded forms to a relatively more stable state, resulting in the immobilization of HMs 48 4 in the sludge after the HTT process Shi et al., 2013) . It was reported that a single 49 HTT process had an immobilization effect on HMs in the sewage sludge, while the total HMs 50 concentration tended to increase to some extent due to large decrease in sludge volume after the 51 HTT process (Shi et al., 2013) . Furthermore, based on the fact that various HMs at different 52 levels co-exist in the sewage sludge (Vogel and Adam, 2011; , more robust 53 and stable efficiency for HMs immobilization in sludge is a prerequisite for HTT to be applied in 54 practice. To realize this target, some additives can be utilized for the enhancement of HMs 55 immobilization effect during the HTT process. 56
In this study, rice husk (RH) was selected to act as an additive, due to not only its capability 57 for metallic cations fixation related with specific biomatrix and functional groups (Krishnani et 58 al., 2008; Daifullah et al., 2003) , but also the likely formation of hydrochar during HTT (Reza et 59 al., 2013) . Besides, RH is an agricultural by-product existed in large quantity, and its disposal 60 also poses a big problem for the environment. During the HTT process, other components 61 contained in the reaction mixture such as phosphate, silicate, carbonate, etc might play roles in 62 the immobilization of HMs. Therefore, it is speculated that the addition of RH into sewage 63 sludge during the HTT process could result in a synergetic enhancement effect on HMs 64 immobilization in sludge and thus a reduced risk to the environment when the processed 65 hydrochar is recycled in agriculture. Up to now, however, little information could be found in the 66
literature. 67
The objective of the present study was to explore the synergistic effect of RH addition on HMs 68 immobilization when using HTT to treat sewage sludge. The toxicity and bioavailability of HMs 69 in sludge was evaluated before and after the HTT process, and the fractional transformation 70 mechanism is also discussed. 71 5 72
Materials and methods 73

Sewage Sludge and Rice Husk (RH). 74
Dewatered anaerobically digested sewage sludge was sampled from a wastewater treatment 75 center in Ibaraki prefecture, Japan. Before the HTT process, the concentration of HMs was 76 elevated by adding stock solutions of Cr (VI), Ni (II), Cu (II) and Cd (II) (1000 mg/L in 0.1 M 77 HNO 3 ), respectively due to low levels of HMs in the original sludge sample. The sludge was 78 homogeneously stirred and then mixed intermittently (5min/day) for one week. 79
Rice husk was dried at 105 ℃ for 2 h and then ground and sieved. The particles between 0.30 80 and 0.45 mm were collected and washed with deionized water, and then dried at 60 ℃ for 24 h 81 for future use in the experiments. Table 1 lists the characteristics of the sewage sludge and RH 82 used in this study. 83
The tested sample, including single sludge or the mixtures of RH and sludge at different ratios 84 (namely RH/sludge=0, 1/6, 1/3 and 1/1.75 at d.w., respectively based on our preliminary 85 experiments), was mixed manually and homogeneously before the HTT process. 86 In order to assess the HMs binding capacity (HMBC) of RH during the HTT process, 10.0 g 92 RH and 50.0 ml of stock solution containing the designated HMs (Cr, Ni, Cu and Cd) at the same 93 concentration (20.0 mg L -1 , pH=6.8) were first mixed and loaded into the reactor, and then 94 6 treated at 200 ℃ (1.0 -1.2 MPa) for 1 h. After the HTT treatment, the RH residue and liquid 95 phase were separated by vacuum filtration. Later the liquid samples were kept in refrigerator at 96 4 ℃ and the RH residues were dried at 60℃ for 48 h before further HMs analysis. 97
As for the synergistic effect of RH addition on the immobilization behavior of HMs in sludge 98 during the HTT process, 100.0 g of sludge or RH-sludge mixture was loaded into the reactor and 99 treated under the same HTT condition mentioned above (at 200 ℃ for 1 h). After solid-liquid 100 separation by vacuum filtration, the collected solid residue (SR), namely hydrochar was dried, 101 ground and mixed homogeneously, and then stored in an enclosed plastic bag. The SRs obtained 102 at RH/sludge ratios of 0, 1/6, 1/3 and 1/1.75 were labeled as SR0, SR1/6, SR1/3 and SR1/1.75, 103
respectively. The collected liquid samples (LSs, i.e. process water) were recorded as LS0, LS1/6, 104 LS1/3 and LS1/1.75, respectively. 105
For the control experiment (no HTT process), the solid residue samples were obtained by 106 directly using the sewage sludge prepared in the Section 2.1, labeled as SRC. No liquid sample 107 was collected because of its high solid content and difficulty in solid-liquid separation. 108 109
Evaluation methods and indices 110
In this study, the HMBC of RH was calculated by HMs decrease in the liquid phase after the 111 HTT process as Equation (1). 112
where C 0 and C are the concentrations of HMs in the liquid phase before and after the HTT 114 process, respectively. 115
Before and after the HTT process, the risk of HMs in sludge was assessed from 3 aspects: total 116 concentration, fractionation and leaching test. 117 7 Total HM concentration is a simple and direct index for risk evaluation, which is the main 118 limiting factor in agriculture, especially for the application of sewage sludge (Zorpas et al., 119 2008 ). Furthermore, as Xian (1989) In this study, the immobilization efficiency of HMs in sludge was assessed by the change in 135
HMs content (% of total HMs) in fractions of (F1+F2), (F3+F4) and F5. More specifically, the 136 decrease of HMs in the first two fractions are of great importance for HMs immobilization due to 137 their vulnerability to ionic strength and pH changes in circumstance, and thus become more 138 rapidly bioavailable (Sundaray et al., 2011) . Taking this into consideration, a risk assessment 139 code (RAC), the proportion of HMs in (F1+F2) to the total concentration in the sludge (% of 140 8 total) (Huang et al., 2011; Singh et al., 2005) , can be applied to the risk evaluation of HMs 141 before and after the HTT process with or without RH addition. The HMs in sludge can be 142 classified by using RAC, namely the risk index (RI) as no risk, low risk, medium risk, high risk 143
and very high risk when the RI value (%) ranges < 1, 1-10, 11-30, 31-50 and > 50, respectively. 144
In addition, the percentage of HMs in (F1+F2) (% of total) can also reflect the mobility of HMs 145 in sludge in the environment. Obviously, the vast majority of HMs were accumulated in the SRs (solid phase) after the HTT 184 process ( Fig. 2(b) ). The total concentration of each metal in SR0 reflected an increase in the 185 solid samples after HTT ( Fig. 2(b) ), signaling higher potential environmental risk. After RH 186 10 addition, the concentration of each metal decreased with the increase of RH/sludge ratio (d.w.). 187
This decrease trend of HMs content in SRs was mostly brought about by a 'dilution effect' due 188 to RH addition, depending greatly on the RH/sludge ratios applied. 189
In addition, after the HTT process, the pH values were found to decrease slightly from 8. 
HMs fractional transformation and eco-toxicity assessment 196
By sequential extraction, the percentages of HMs in (F1+F2), (F3+F4) and F5 (Fig. 3) were 197 used in this study to evaluate environmental risk according to their eco-toxicity posed to the 198 environment as direct toxicity, potential toxicity and no toxicity, respectively. 199
HMs in (F1+F2) represents the weakly bounded fractions and can be easily released into the 200 environment, thus having the highest risk. Seen from Fig. 3(a) , the contents of all the four HMs 201 in this part decreased after the HTT process, and further large decrease was observed after RH 202 addition for Ni, possibly due to the effective HMs binding ability of RH ( Fig. 1) and relatively 203 higher level of Ni contained in the sewage sludge used in this study (Table 1) . No significant 204 change in the percentages of (F1+F2) was observed for Cr, Cu and Cd after further increase in 205 RH addition (when RH/sludge ratio varied from 1/3 to 1/1.75), which could be attributed to the 206 rapid and excellent HMBC of RH to these three HMs (Fig. 1) . 207 A quantitative risk assessment was conducted by RAC based on the percentage of each metal 208 in the first 2 fractions ((F1+F2)/total, Table 2 ). For the HMs in the initial control sludge (SRC, 209 11 before HTT), Cd posed medium risk, and Cr, Ni and Cu were all at low risk. The risk of the 210 tested HMs, however, was reduced to a lower rank after the HTT process, i.e., no risk for Cr, no 211 risk for Cu and low risk for Cd, respectively, and Ni still remained at low risk level. This 212 observation is in agreement with the results obtained in Section 3.1, in which RH possessed a 213 lower HMBC with Ni, and a relatively high level of Ni contained in both sewage sludge and RH 214 used in this study (Table 1 ) may cause some difficulty for its immobilization during the HTT 215 process. Definitely, all the risk of the tested four HMs could be reduced to no risk level if RH 216 addition was further increased, such as RH/sludge ratio=1/1.75 in this study (Table 2) . 217
HMs in (F3+F4) poses potential eco-toxicity to the environment and their risk may change 218 with the variation of redox potential (Fuentes et al., 2008) . Figure 3 (b) shows that the potential 219 eco-toxicity of Cr, Cu and Cd increased to some extent in SR0 (no RH addition), but all of them 220 decreased with the increase of RH/ sludge ratio after HTT under RH addition, especially for Cr 221 and Cu with much lower (F3+F4) contents in SRs compared with the control samples (SCR, 222 before HTT process). For Ni, the potential toxicity decreased after HTT, while a slight increase 223 in (F3+F4) was detected after RH addition. Still, the potential toxicity of Ni in SRs after HTT 224 with RH addition was lower than that of the control sludge samples (SRC, before HTT). 225
HMs in F5 shows no toxicity because of its stably bounded state. After the HTT process, F5 226 fractions of Ni and Cu increased (i.e., became more stable), while those of Cr and Cd decreased 227 under no RH addition ( Fig. 3(c) ). Under RH addition, the F5 contents of Cr, Cu and Cd increased 228 with the increase of RH/sludge ratio, implying that these metals existed more stably in the RH-229 sludge matrix. Probably due to a lower HMBC to RH ( Figs. 1 and 3 
(b)), the F5 fraction of Ni in 230
SRs under RH addition was a little lower than that in SR0 (no RH addition), but still higher than 231 that in the control sludge samples (SRC, before HTT).
12
The increase of HMs in F5 coupled with the decrease of HMs in (F1+F2) results in a decreased 233 (F1+F2)/F5 ratio, signaling decreased lability of HMs in the sludge residues (Table 2) (Obrador 234 et al., 2001) . This observation indicates that the direct toxicity of HMs in the sewage sludge 235 decreased after the HTT process, during which the HMs immobilization effect can be largely 236 enhanced under RH addition, especially for Cr, Cu, and Cd at the RH/sludge ratio of 1/1.75. 237
In addition, it is worth noting that compared with a single HTT, RH addition can bring about a 238 further decrease in the potential toxicity of Cr, Cu and Cd in sewage sludge after the HTT 239 process. A decreased potential toxicity of Ni was also found for SRs after RH addition when 240 compared with the control sludge samples (SRC, before HTT). 241
The above results imply that RH addition has a synergetic effect on the risk reduction or 242 enhanced immobilization of HMs in sewage sludge through the HTT process. 243 As for Cr, the leachability was found at a very low level (< 0.25%), and no significant 255 variation was observed on its leachability after RH addition. The leaching rate of Ni decreased 256 gradually with the increase of RH/sludge ratio, while those of Cu and Cd rapidly declined to a 257 very low level (< 0.11%) after RH addition, with no obvious change in their leachability under 258 different RH/sludge ratio conditions. This phenomenon could be attributable to the different 259 HMBC of RH to these 4 HMs (Fig. 1 ) and the different vulnerability of the 4 HMs to the 260 environment under the designed experimental conditions. 261
In this study, the leaching toxicity of the metals was quantitatively evaluated by the HMs 262 concentrations in the leachate ( Table 3) 
Mechanism analysis 278
As mentioned above, a synergetic effect was found for RH addition on HMs immobilization 279 during the HTT process. Based on the present work, the following three points can be arrived at: 280 (1) HTT may bring about a slight dissolution of HMs in sludge into the liquid phase (process 281 water), leaving the majority of HMs in the solid residue (Fig. 2) . The dissolved HMs can be 282 easily removed from the sludge by solid-liquid separation after HTT. (2)Under RH addition 283 condition, less HMs was dissolved into the liquid phase because of the excellent HMBC of RH. 284
The concentration of HMs in the HTT processed sludge decreased with the increase in 285 RH/sludge ratio applied, mainly owing to some 'dilution effect' caused by RH addition (Fig. 2) . 286
(3)Most importantly, the weakly bounded (F1+F2) and relatively stable (F3+F4) fractions of 287
HMs in the processed sludge can be transformed into a stable state (F5), especially under RH 288 addition conditions (Fig. 3) . 289
In order to illustrate the immobilization mechanism of HMs in the RH-sludge matrix during 290 the HTT process, an additional experiment was carried out in this study to clarify the distribution 291 change of HMs, namely outside the matrix or inside the matrix by using a rapid extraction 292 method proposed by Ginter and Grobicki (1995) . In the experiment, 10% HCl was adopted to 293 separate the HCl-soluble HMs (outside) and HCl-insoluble HMs (inside), which can be used to 294 distinguish the HMs precipitated or accumulated outside of the RH-sludge matrix from those 295 fixed inside the matrix. Thus HMs in F5 fraction obtained from the sequential extraction method 296 (Tessier et al., 1979) should have a close relationship with the latter part, HCl-insoluble HMs. 297 Figure 5 shows the results of HCl-soluble HMs from sludge residues obtained in this study. A 298 similar decrease in HCl-soluble part was found for all tested HMs in the sludge samples after the 299 HTT process. The HCl-soluble Cr, Cu and Cd were further decreased after RH addition. As for 300 Ni, the HCl-soluble part first increased to some extent and then decreased when RH/sludge ratio 301 increased. Moreover, the decrease in HCl-soluble HMs coincided with the increase of HMs in F5 302 ( Fig. 3(c) ), especially for Cr in the SRs after HTT, exhibiting a strong negative correlation with 303 HMs in F5 (R 2 = 0.9726, Figs. 5 and 3(c) ). 304
Based on the present results and above discussion, the reduction of HMs toxicity and 305 vulnerability may be interpreted as a synergetic mechanism of RH addition during the HTT 306 process as Fig. 6: (1 
Environmental implications 318
It has been recently reported that the sludge residue (i.e. hydrochar or biochar) collected from 319 sewage sludge after HTT process possess a good potential for resource recovery and carbon sink 320 (Escala et al., 2013; Khan et al., 2013) . The most important and problematic is the stability and 321 accumulation of HMs in soil after utilization of the processed sludge residue. The present study 322 demonstrates that, based on total concentration, potential lability and leaching toxicity tests, the 323 HMs toxicity in sewage sludge can be greatly decreased after HTT process with RH addition. 324
HMs can be stably immobilized into the RH-sludge matrix according to the results of HMs 325 fractionation before and after HTT process. The RAC analysis indicates that all the tested HMs 326 have no eco-toxicity to the environment after processed by HTT under RH addition, especially at 327 RH/sludge ratio of 1/1.75. Therefore, HTT process with RH addition is a promising technology 328 for sewage sludge disposal, and the HTT processed RH-sludge can be regarded as a kind of safe 329 resources with respect to HMs problem. 330 331
Conclusions 332
The present study shows that RH addition has a synergetic effect on HMs immobilization in In this study, RH showed high binding capacity with HMs in HTT process and RH addition 340 further enhanced the transformation and immobilization effect of metals in sewage sludge during 341 hydrothermal treatment. In HTT process, the risk of all the tested metals in the collected 342 hydrochar was significantly decreased as referred to the total concentrations, RAC evaluation 343 and TCLP test after RH addition. Therefore, a synergetic effect on HMs risk reduction can be 344 achieved when RH added into sewage sludge in HTT process demonstrating the practical 345 feasibility of this treatment method. 346
Tables 446 Table 1 
